Objectives To assess the prevalence of Rome IV nonerosive esophageal phenotypes in children using multichannel intraluminal impedance testing and to describe the rates of proton pump inhibitor (PPI) responsiveness and the frequency of microscopic esophagitis in these patients.
G astroesophageal reflux disease (GERD) is defined as the presence of bothersome symptoms resulting from the movement of gastric contents into the esophagus. 1 Because testing for reflux symptom correlations is costly and invasive, patients are often prescribed acid suppression medications such as proton pump inhibitors (PPIs) to treat possible acid-related symptoms and only when patients do not improve symptomatically is additional testing with endoscopy and multichannel intraluminal impedance (pH-MII) testing pursued. Adult studies have demonstrated that the majority of patients with typical reflux symptoms such as chest pain, heartburn, and regurgitation do not have esophageal mucosal lesions visible at endoscopy. 2, 3 These patients have been traditionally categorized as having nonerosive reflux disease (NERD); this has emerged as the most common phenotype of GERD in adults.
Recent studies have suggested that this population of patients with typical reflux symptoms, no erosive esophagitis, and variable response to acid suppression is more heterogeneous than previously thought. 3, 4 The new Rome IV esophageal criteria now define a variety of nonerosive esophageal phenotypes based on the results of diagnostic testing including 24-hour pH-MII testing. 5 This has been possible because clinicians can quantify the burden of both acidic and nonacidic reflux through the use of pH-MII testing, and can correlate patient-reported symptoms with reflux events. 6 This allows for the categorization of symptomatic patients into 3 distinct phenotypes: (1) those with abnormal esophageal acid exposure (NERD), (2) those with normal esophageal acid exposure but a positive symptom association to acid or nonacid reflux (reflux hypersensitivity), and (3) those with normal esophageal acid exposure and a negative symptom association (functional heartburn). 2, 5 Appropriate categorization of patients into these subgroups has important therapeutic implications, because patients in each category may respond differently to medical and surgical interventions. 5, [7] [8] [9] Although >85% 10 of children underdoing endoscopy do not have evidence of erosive esophagitis, little is known about the prevalence of nonerosive esophageal phenotypes in children and their response to acid suppression therapy. 
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Therefore, the aims of this study were to characterize the prevalence of Rome IV nonerosive esophageal phenotypes in children using pH-MII testing, the rates of PPI responsiveness, and the frequency of microscopic esophagitis.
Methods
We conducted a retrospective review of all children ≥5 years of age who underwent esophagogastroduodenoscopy (EGD) and pH-MII testing for evaluation of typical gastroesophageal reflux symptoms (eg, heartburn, regurgitation, chest pain, or epigastric abdominal pain) between February 2004 and October 2016 at Boston Children's Hospital. Children were included in the analysis if they: (1) had both an EGD and pH-MII testing, (2) did not have erosions present at the time of endoscopy, (3) reported symptoms during the pH-MII study, (4) had undergone a PPI trial for at least 8 weeks before diagnostic testing, and (5) were not on a PPI during the pH-MII testing. The age of patients in this study is similar to that used in prior pediatric functional GI disorder studies. 11 Patients with documentation of at least partial improvement in the frequency and/or severity of symptoms after a PPI trial were classified as PPI responders. Those with no change in symptoms after a PPI trial were considered nonresponders. A total of 1269 pH-MII studies were reviewed for inclusion. Fortyfive patients fulfilled the inclusion criteria and were included in this analysis.
All children underwent an EGD. During this procedure, biopsies were taken from a minimum of 2 esophageal heights. Patients with any erosive esophagitis were excluded. Patients were considered to have microscopic reflux esophagitis if there was distal esophageal inflammation such as basal zone hyperplasia or inflammatory cell infiltrate that did not meet the diagnostic criteria for eosinophilic esophagitis based on clinical history, symptoms, or histology. 12 In all patients, a pH-MII study was completed within 6 months of the EGD. 13 All patients stopped PPI therapy for a minimum of 48 hours before pH-MII testing. Patients underwent pH-MII recording for a minimum of 18 hours and ate at least 3 meals during this time. Meals were excluded from analysis. Each tracing was read manually in a blinded fashion by one of the investigators. Acid reflux episodes were defined as reflux episodes detected by at least 2 consecutive MII sensors and which were associated with a drop in pH to <4. Nonacid reflux episodes were defined as reflux events detected by at least 2 consecutive MII sensors that did not have any associated drop in pH to <4. Decreases in pH to <4 without any associated reflux on MII were defined as pH-only events.
14 The pH portion of the pH-MII study was considered abnormal if the pH was <4 for >6% of the study. 15 The MII portion of the study was considered abnormal if there were >72 reflux episodes. 6, 16 All patients reported typical reflux symptoms (heartburn, reflux, regurgitation, unspecified pain, chest pain, or abdominal pain) during the study. Symptoms reported within a 2-minute window before or after a reflux event were considered to be associated with that particular reflux event. Symptoms reported during mealtimes were excluded. We elected to use the symptom index (SI) as the measure of symptom association to define subgroups in our study. This is consistent with our standard clinical practice and similar to other published pediatric [17] [18] [19] and adult 7, 20 studies. The SI was calculated for each patient by dividing the number of reported typical symptoms associated with reflux by the total number of reported symptom events and multiplying by 100. A positive SI was defined as a SI of ≥50% for any typical symptom. Although the primary classification for phenotypes in this study was based on the SI, we recognize that other institutions use different measures of symptom association and therefore the symptom sensitivity index (SSI) and the symptom association probability (SAP) were also calculated for each patient. The SAP was calculated by computing the statistical association between symptoms and reflux events using the Fisher exact test. A SAP was considered positive if it was ≥95%. The SSI was defined as the number of reflux events associated with symptoms divided by the total number of reflux events over 24 hours. SSI values ≥10% were considered positive.
Patients with a history of developmental delay; thoracic, esophageal, or gastric surgery; esophageal motility disorders; erosive esophagitis; or eosinophilic esophagitis were excluded.
Children were classified into nonerosive esophageal phenotypes based on Rome IV criteria. 5 Children with abnormal esophageal acid exposure (pH <4 for >6% of the study) were classified as having true NERD. Those with normal acid exposure but a positive SI with acid reflux events were classified as having acid reflux hypersensitivity. Those with normal acid exposure and a positive SI with nonacid reflux events were classified as having nonacid reflux hypersensitivity. Children with normal esophageal acid exposure and a negative SI were classified into the functional heartburn group.
Statistical Analyses
Values are reported as mean ± standard deviation or as percentages. Comparisons between subgroups were performed using analysis of variance for continuous variables and c 2 testing or Fisher exact test for categorical variables. IBM SPSS Statistics Version 23 (Armonk, New York) was used to perform statistical analysis.
The study protocol was approved by the Institutional Review Board of the institution.
Results
Forty-five pediatric patients met the inclusion criteria and reported symptoms during pH-MII monitoring. The mean age was 11.8 ± 4.2 years. Fifty-three percent of patients were female. The mean time interval between the EGD and the pH-MII study was 2.3 ± 0.9 days. Reported symptoms during pH-MII monitoring included heartburn (47%), nonlocalized pain (49%), abdominal pain (22%), chest pain (7%), reflux (13%), and regurgitation (22%). The distribution of nonerosive esophageal phenotypes based on the SI is shown in Figure 1 . The age and sex distributions were similar between phenotypes (P = .14 and .36, respectively). When the SAP, rather than the SI, was used to categorize patients, the distribution of Rome Volume 189 • October 2017 IV categories was identical (27% true NERD, 29% reflux hypersensitivity, and 44% functional heartburn). When using SSI for categorization, the subtype distribution was 27% true NERD, 20% reflux hypersensitivity, and 53% functional heartburn.
The distribution of phenotypes for each reported symptom is illustrated in Figure 2 . Report of heartburn and report of regurgitation differed significantly between groups (P < .05). In general, children in the functional heartburn group were more likely to report nonspecific symptoms, such as abdominal pain and chest pain, although these differences did not attain statistical significance. Children with NERD were more likely to report regurgitation as a symptom. When children were stratified by age, older children (≥10 years) reported significantly more heartburn (P < .001) whereas younger children (<10 years) were more likely to report nonspecific pain (P = .047).
In total, there were 634 reported typical symptoms during pH-MII testing; 417 symptoms were associated with reflux events and 217 symptoms were not associated with any reflux. There were 230 reflux events associated with typical symptoms in the NERD subgroup, 111 events in those with reflux hypersensitivity, and 75 events in the children in the functional heartburn group. Distal events accounted for only 11% of all symptomatic reflux. Symptom perception for full column reflux did differ between groups with full column reflux triggering symptoms in the NERD group more than in the reflux hypersensitivity or functional heartburn groups (P = .023). There were no differences between groups for symptom perception from midesophagus or distal esophagus events.
Responsiveness to PPIs
The mean dose of PPIs trialed before evaluation was 0.8 ± 0.4 mg/kg per day. There was no significant difference in PPI response in children who received PPIs at a dose of <1 mg/ kg and those who receive a dose of ≥1 mg/kg (P = .73). Despite typical reflux symptoms, 42% of all subjects had no symptomatic improvement with empiric PPI therapy (Figure 3) . Among subtypes, 58% of patients with NERD, 67% of patients with acid reflux hypersensitivity, 0% of patients with nonacid reflux hypersensitivity, and 55% of patients with functional heartburn had at least some symptomatic improvement with PPI use. There were no differences in PPI responsiveness between groups (P = .63).
Endoscopy and Biopsies
Twenty percent of all children had evidence of microscopic reflux esophagitis on histology (Figure 3) . Among subtypes, 17% of patients with NERD, 23% of patients with reflux hypersensitivity, and 20% with functional heartburn had microscopic esophagitis. There were no differences in microscopic esophagitis between subgroups (P = .93). 
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The NERD group had significantly more acid reflux events (P < .001), number of total reflux events (P = .004), number of pH-only events (P < .001), and the percentage of study time the pH was <4 (P < .001) than the two other groups. There were no differences in the number of nonacid events (P = .62), the percentage of proximal reflux events (.07), or the percentage of time that refluxate was in the esophagus (.07) between groups.
Discussion
We used Rome IV criteria and results from 24-hour pH-MII testing to classify children with symptomatic reflux but normal endoscopic evaluations into nonerosive esophageal phenotypes. This study reports the prevalence of these phenotypes in children using the new classification. The most important findings of the present study are that functional heartburn is the most common nonerosive esophageal phenotype in children and that microscopic esophagitis does not predict reflux phenotype. In addition, responsiveness to PPIs does not predict reflux phenotype.
Compared with the prevalence of reflux phenotypes reported in adult studies, we found that children are more likely to be categorized in the functional heartburn phenotype. Using the same classification system in 150 adults, Savarino et al 3 found that 40% of patients had true NERD, 35% had reflux hypersensitivity, and 25% had functional heartburn. In another study of 221 patients referred for GERD testing, Cheng et al 2 found 10% with erosive esophagitis, 35% with true NERD, 14% with reflux hypersensitivity, and 22% with functional heartburn and other functional disorders. There is no simple explanation for this discrepancy. However, it is possible that pediatric patients have more peripheral and central sensitization 21, 22 and that the expression of symptoms is different.
When we examine the subgroup of patients with reflux hypersensitivity, our cohort had a smaller proportion of patients with nonacid reflux-associated symptoms and fewer nonacid reflux events than has been previously reported in adults. 4 This could be because our proportion of nonacid reflux events is smaller than typically seen in pediatrics or because nonacid reflux does not trigger typical symptoms in children. Although the literature reports that 45%-89% of pediatric reflux events are nonacidic, 23 we found in this study that only 29% of reflux events were nonacidic. This small number of nonacid reflux episodes may explain the lack of symptomreflux correlation simply because of the scarcity of events. Another possibility, that nonacid reflux events do not frequently trigger typical symptoms, would represent a novel finding; all prior pediatric symptom association studies, which were performed in children with atypical symptoms such as cough, suggest that nonacid reflux is more likely to trigger symptoms than acid reflux episodes. [23] [24] [25] In addition to nonacid reflux, our prior studies and others have found that full column reflux events are more likely to trigger atypical symptoms than distal reflux in children. 14, 26 The present study shows for the first time that, in children, proximal reflux is also associated with typical symptoms of reflux. Although only 37% of total reflux events reached the proximal esophagus, these proximal events accounted for 58% of the symptomatic reflux in all groups. Distal reflux comprised only 11% of all symptomatic reflux episodes. Recent evidence in adults also shows that a proximal reflux event may be more likely to be perceived. 27 This is a very interesting finding; traditional pH probe studies, which only reliably measure reflux in the distal esophagus, may fail to detect the extent to which reflux events contribute to typical symptoms. Therefore, this study not only describes the prevalence of nonerosive esophageal phenotypes in children, but also shows that although full column acid reflux seems to be a significant driver of symptoms in children, nonacid reflux and distal reflux are less important contributors.
Another important finding is that there is a difference in the distribution of symptoms depending on the age of the patient and this parallels a change in the frequency of reflux phenotypes. We found that functional disease was more common in younger children who experienced more general pain symptoms, whereas NERD was more common in older children who experienced more heartburn symptoms. Despite these agerelated differences, we did not find any specific symptom profile that could reliably predict reflux phenotype. Although a single adult study by Savarino et al 28 found more frequent reports of heartburn in patients with functional heartburn and epigastric pain in patients with true NERD, we and others have not found a consistent relationship between symptoms and reflux phenotype. In a study of 90 children 1-17 years of age with symptomatic GERD, Gupta et al 29 found no differences in reports of regurgitation, heartburn, or abdominal pain in children with grossly normal endoscopic evaluations when compared with those with erosive esophagitis. In a study of 62 adult patients, Kandulski et al 30 did not find any differences in reported heartburn, regurgitation, or dyspepsia between those with abnormal esophageal acid exposure, erosive esophagitis, and functional heartburn. Based on our study and these others in the literature, we conclude that clinical symptoms cannot be used as a reliable method to distinguish reflux phenotypes.
In addition to the inability to use symptoms to reliably predict subtypes, our study is the first pediatric study to report that PPI responsiveness also does not help to define phenotypes. Studies in adults have shown conflicting results about the usefulness of PPI responsiveness in identifying reflux subgroups. Bytzer et al 31 analyzed data from adults in the DIAMOND study and found no significant differences in PPI responsiveness between patients with GERD, defined as either erosive esophagitis, abnormal esophageal pH, or positive symptom association and those with functional heartburn (69% vs 51%, respectively). However, other studies have found higher rates of PPI response in adults with abnormal esophageal acid exposure 8 or those with a positive SI. 9 Studies in children are limited. In a study of 20 children with grossly normal endoscopic evaluations, Lee et al 32 found varying rates of responsiveness to an 8-week PPI trial: 35% of patients had symptom resolution, 50% had improved symptoms, and 15% had persistent symptoms. However, there was no phenotyping of patients using pH-MII so it is not possible to know if one phenotype had a superior PPI response.
As with symptom type and PPI responsiveness, we also found that microscopic esophagitis cannot be used to define reflux phenotypes; we found no differences in the rates of microscopic esophagitis in children with NERD, reflux hypersensitivity, and functional heartburn. We also found that there was no relationship between responsiveness to PPIs and the presence of microscopic esophagitis. These findings are important because, unlike the practice in adult gastroenterology, pediatric gastroenterologists routinely biopsy the esophagus to assess for microscopic esophagitis and our results suggest that these biopsies may not be helpful to differentiate patient subgroups or to predict PPI symptom response. Overall, the prevalence of microscopic esophagitis in our cohort (20%) is similar to that previously published in adult studies. [33] [34] [35] However, adult studies have found differences in microscopic esophagitis between reflux phenotypes, with the highest rates of esophagitis in patients with NERD and the lowest rates in patients with functional heartburn. 34 There is only a single pediatric study assessing the role of esophagitis in reflux phenotypes; Altaf et al 36 found increased esophageal epithelial intercellular spaces in children with NERD compared with controls. However, in this study, NERD was defined using only clinical and endoscopic criteria, not impedance testing. Based on our results, endoscopic biopsies alone cannot be used to define GERD phenotypes.
Despite our novel findings, there are several limitations to our study. Because of our inclusion criteria and the fact that patients were referred for testing because of persistent symptoms, the proportion of nonresponsiveness to PPIs and the rate of functional diagnoses may be higher than expected. However, we feel this population is typical of what a pediatric gastroenterologist encounters in clinical practice (ie, patients who underwent a PPI trial but continued to have persistent symptoms). Second, this study was retrospective in nature, so the assessment of responsiveness to PPIs may be biased based on parent or physician recall. Furthermore, our sample size for this retrospective study is smaller than the sample sizes published in similar prospective adult studies on reflux phenotypes. This small number is related to our strict inclusion criteria including age. We believe that our review of >1200 studies done during a 12-year period and including a highly selected subset of these patients provides the largest possible sample of children for this retrospective analysis. Third, the measurement of symptom association is inherently dependent on patient report. This factor may be less reliable in younger children who are unable to verbalize symptoms appropriately or in those who experience symptoms so frequently that they cannot record all symptoms accurately. 37 We restricted our inclusion criteria to children >5 years of age who did not have any significant developmental delays to ensure the most accurate reporting of symptoms. Given this, we would expect symptom reporting in our cohort to be similar to adults and currently patientdependent symptom reporting is the gold standard method of performing pH-MII testing.
In conclusion, we document using the new Rome IV criteria that functional esophageal disorders are common in pediatrics. Because of the emerging literature documenting the risks associated with PPI use, we hope our results will encourage clinicians to correctly diagnose, using pH-MII testing, those patients with functional diagnoses in order to tailor therapies (PPIs vs neuromodulators) to reduce costs and morbidity of unnecessary or ineffective therapies. ■
